Deng H, Hershenson MB, Lei J, Anyanwu AC, Pinsky DJ, Bentley JK. Pulmonary artery smooth muscle hypertrophy: roles of glycogen synthase kinase-3␤ and p70 ribosomal S6 kinase. Am J Physiol Lung Cell Mol Physiol 298: L793-L803, 2010. First published February 26, 2010 doi:10.1152/ajplung.00108.2009.-Increased medial arterial thickness is a structural change in pulmonary arterial hypertension (PAH). The role of smooth muscle hypertrophy in this process has not been well studied. Bone morphogenetic proteins (BMPs), transforming growth factor (TGF)-␤1, serotonin (or 5-hydroxytryptamine; 5-HT), and endothelin (ET)-1 have been implicated in PAH pathogenesis. We examined the effect of these mediators on human pulmonary artery smooth muscle cell size, contractile protein expression, and contractile function, as well on the roles of glycogen synthase kinase (GSK)-3␤ and p70 ribosomal S6 kinase (p70S6K), two proteins involved in translational control, in this process. Unlike epidermal growth factor, BMP-4, TGF-␤1, 5-HT, and ET-1 each increased smooth muscle cell size, contractile protein expression, fractional cell shortening, and GSK-3␤ phosphorylation. GSK-3␤ inhibition by lithium or SB-216763 increased cell size, protein synthesis, and contractile protein expression. Expression of a non-phosphorylatable GSK-3␤ mutant blocked BMP-4-, TGF-␤1-, 5-HT-, and ET-1-induced cell size enlargement, suggesting that GSK-3␤ phosphorylation is required and sufficient for cellular hypertrophy. However, BMP-4, TGF-␤1, 5-HT, and ET-1 stimulation was accompanied by an increase in serum response factor transcriptional activation but not eIF2 phosphorylation, suggesting that GSK-3␤-mediated hypertrophy occurs via transcriptional, not translational, control. Finally, BMP-4, TGF-␤1, 5-HT, and ET-1 treatment induced phosphorylation of p70S6K and ribosomal protein S6, and siRNAs against p70S6K and S6 blocked the hypertrophic response. We conclude that mediators implicated in the pathogenesis of PAH induce pulmonary arterial smooth muscle hypertrophy. Identification of the signaling pathways regulating vascular smooth muscle hypertrophy may define new therapeutic targets for PAH. bone morphogenetic proteins; transforming growth factor-␤1; serotonin; endothelin-1 PULMONARY VASCULAR REMODELING is an important pathological feature of pulmonary arterial hypertension (PAH). Remodeling is characterized by thickening of all three layers of the pulmonary artery wall: the adventitia, the media, and the intima. In addition, there is extension of new smooth muscle into the partially muscular and nonmuscular peripheral arteries (31). Little information exists regarding the basis for the observed increase in vascular smooth muscle mass (hyperplasia vs. hypertrophy). In rats exposed to hypobaric hypoxia, hilar pulmonary artery medial thickness and individual myocyte diameter increase two-to threefold (31
diameter increase two-to threefold (31) , whereas the number of myocytes per unit area nearly halves (32) . There is only a small increase in DNA synthesis by medial smooth muscle cells, in contrast to robust increases in fibroblast and endothelial cell labeling. More recently, it has been shown that bovine distal artery media is composed of myocytes that are resistant to proliferation and instead hypertrophy in response to growthpromoting stimuli (42) . These data suggest that cellular hypertrophy, as well as hyperplasia, may contribute to medial thickening in PAH.
Bone morphogenetic protein (BMP), transforming growth factor (TGF)-␤, serotonin or 5-hydroxytryptamine (5-HT), and endothelin (ET)-1 have each been implicated in the pathogenesis of PAH (4, 5, 7, 12, 13, 23, 26, 30, (45) (46) (47) 53) . Although the effects of these mediators on pulmonary artery smooth muscle proliferation has been well studied, little is known about the potential effects of BMPs, TGF-␤, 5-HT, and ET-1 on vascular smooth muscle cell contractile protein expression or contractility. ET-1 (21, 54) and 5-HT (11, 29) each exert mitogenic activity for pulmonary artery smooth muscle cells. Myocytes from patients with PAH grow faster than controls when stimulated by 5-HT or serum (30) . In human pulmonary artery smooth muscle cells, TGF-␤ initially promotes contractile protein expression, followed by proliferation at a later time point (43) . In contrast, BMP-4 inhibits the proliferation of pulmonary artery smooth muscle cells from proximal pulmonary arteries (52) . In myocytes from patients with PAH, TGF-␤ and BMPs fail to inhibit serum-stimulated DNA synthesis as in normal cells (34) . Finally, serotonin increases the cell size of bovine pulmonary artery smooth muscle cells in culture (27) .
In myocytes from patients with PAH, myofilament area and the proportions of Golgi and rough sarcoplasmic reticulum are increased (6) , consistent with increased protein synthesis. Increases in cellular protein synthetic rates, in turn, can result from: 1) augmentation of transcription; 2) increased mRNA stability; and 3) accelerated translation rates. Numerous studies have shown that changes in the rate of transcription can account for qualitative changes in the expression of specific genes during hypertrophic growth. For example, in the heart, a majority of proteins that comprise the "fetal gene program," i.e., ␤-myosin heavy chain (MHC), skeletal ␣-actin, and cardiac ␣-actin, are regulated at the level of transcription (3, 36, 37) . On the other hand, electrical stimulation of adult feline cardiocytes acutely increases ␤-MHC synthesis without a corresponding change in steady-state mRNA levels, and ␤-MHC synthesis is accompanied by a shift of mRNA into larger polysomes, indicative of increased translational efficiency (25) . Conversely, mechanical inactivity, which depresses protein expression, blocks translation at initiation, increasing the non-polysomal RNA fraction and decreasing the amount in the polysomal fraction (35) . Thus, accelerated translation rate, as well as augmented transcription, contributes to cardiac myocyte hypertrophy. Translational control mechanisms also modulate skeletal muscle gene expression during hypertrophy (16, 39) .
The translational control mechanisms regulating protein synthesis in vascular smooth muscle cells are not completely understood. There are three highly regulated steps in mRNA translation, each of which is controlled by a distinct biochemical signaling pathway. The first is binding of initiator methionyl tRNA to the 40S ribosomal subunit to form the 43S preinitiation complex, which requires formation of the eukaryotic initiation factor (eIF)2·GTP·Met-tRNAi ternary complex. eIF2 GTP loading is determined by the activity of eIF2B, a guanine nucleotide exchange factor. eIF2Bε Ser539 phosphorylation by the constitutively active serine-threonine kinase glycogen synthase kinase (GSK)-3␤ inhibits its GDP/GTP exchange activity, thereby limiting binding of methionyl tRNA to the 40S ribosomal subunit (50) . Phosphorylation of GSK-3␤ by the serine-threonine kinase Akt inactivates it, increasing formation of the ternary and 43S preinitiation complexes. In rat aortic smooth muscle cells, ET-1 stimulates phosphorylation and inactivation of GSK-3␤ (44) . The second step involves mRNA binding to the 43S preinitiation complex, mediated via a 7-methylguanosine cap at the 5= end of mRNAs. Phosphorylation of eIF-4E binding protein (4E-BP) by mammalian target of rapamycin (mTOR) releases it from eIF-4E, allowing eIF-4E to bind to the mRNA cap (17, 55) . Angiotensin II induces phosphorylation of eIF-4E in rat aortic smooth muscle cells (38) . Rapamycin, an inhibitor of mTOR, blocks angiotensin II-induced hypertrophy of rat aortic smooth muscle cells (15, 51) . Mnk1, an eIF4E kinase, is required for angiotensin II-induced protein synthesis in rat aortic smooth muscle cells (24) . Third, protein synthesis may also be upregulated by an increase in translational capacity, i.e., ribosome synthesis. Translation of mRNAs with 5=-terminal oligopyrimidine (5-TOP) tracts, most of which encode ribosomal proteins, is upregulated by successive phosphorylation of mTOR, p70 ribosomal S6 kinase (p70S6K)-1, and S6 ribosomal protein. In rat aortic smooth muscle, chemical inhibitors of p70S6K (tosylphenylalanine chloromethyl ketone and tosyllysine chloromethyl ketone) had no effect on angiotensin II-induced protein synthesis (51) , suggesting that p70S6K is not involved in vascular smooth muscle hypertrophy driven by angiotensin II. Any or all of these three pathways may be required (or sufficient) for hypertrophy.
GSK-3␤ may also regulate smooth muscle cell size by transcriptional mechanisms. GSK-3␤ negatively regulates transcription factors involved in muscle-specific gene expression, including NFAT (nuclear factors of activated T cells), GATA4, ␤-catenin, and serum response factor (SRF) (1, 2, 10, 19, 20, 33, 48) .
The aim of the study was to evaluate whether BMP-4, TGF-␤1, 5-HT, or ET-1 induce hypertrophy in pulmonary artery smooth muscle cells. In addition, we sought to determine the signaling mechanisms regulating mRNA translation in this system, focusing on the GSK-3␤ and p70S6K pathways.
METHODS
Cell culture. Human pulmonary artery smooth muscle cells were obtained from Lonza (Conshohocken, PA). All cytokines were obtained from PeproTech (Rocky Hill, NJ). LiCl and SB-216763 were obtained from Sigma-Aldrich (St. Louis, MO). Cells were cultured in DMEM with 10% FBS and penicillin/streptomycin (InVitrogen, Carlsbad, CA). Cells were seeded on uncoated plastic culture plates at ϳ50% confluence. Before experiments, cells were serum-deprived for 24 h. Cells were treated with BMP-4 (10 ng/ml), TGF-␤1 (10 ng/ml), 5-HT (1 mol/l), ET-1 (1 mol/l), LiCl (10 mM), SB-216763 (50 nM), and EGF (50 ng/ml) for 4 days. This relatively long incubation time was required for the observed phenotypic changes. Fresh medium and chemicals were added 48 h after initial treatment. Experiments were performed in the absence of serum. For selected experiments, A7R5 rat aortic smooth muscle cells (American Type Culture Collection, Manassas, VA) were studied.
Cell size analysis. Cell size was measured by fluorescence-activated cell sorting. Cells were treated with BMP-4, TGF-␤, 5-HT, ET-1, LiCl, SB-216763, or EGF. Cells were collected and fixed with 75% ethanol and stored at Ϫ20°C before staining. Cells were centrifuged and stained with propidium iodide (50 g/ml) and RNase (100 g/ml) solution for 1 h. Cells in G0/G1 phase were gated for forward scatter measurement using a FACSCalibur flow cytometer (BD Biosciences).
Protein and DNA synthesis. 48 h. Cells were lysed, and proteins were precipitated with 10% trichloroacetic acid. After washing with cold ethanol and solubilization with 1% Triton X-100 in 0.5 mol/l NaOH, radioactivity was measured by a scintillation counter.
Cell contraction. Individual cell length before and after KClinduced contraction was measured by computerized image micrometry, as described (17) . Cells were seeded in 100-mm dishes and grown to confluence in serum-free medium or medium supplemented with BMP-4, TGF-␤1, 5-HT, or ET-1. At confluence, cells were scraped off with a rubber policeman, triturated, and transferred to polypropylene tubes. At this stage, cells tend to maintain a contracted state due to mechanical stimulation. The cells were treated with 8-bromocAMP and then allowed to float freely and relax for 24 h with occasional swirling to prevent settling or sticking to the sides of the tube. During this period, cells regain a spindle shape and extend processes. Aliquots of cultured cell suspension (2.5 ϫ 10 4 cells/0.5 ml) were stimulated with 75 mM KCl. The reaction was allowed to proceed for 4 min and was stopped by the addition of 0.1 ml of glutaraldehyde at a final concentration of 1% (vol/vol). Fixed cells were allowed to settle and were then transferred by wide-mouth pipette to a microscope slide for analysis. The average length of cells before or after the addition of test agents was obtained from 20 cells encountered in successive microscopic fields.
Immunoblotting. Cell lysates were matched for protein concentration, resolved by SDS-PAGE, and transferred to nitrocellulose or polyvinylidene difluoride membrane. Membranes were blocked in 5% milk for 1 h and probed with either mouse anti-␣-smooth muscle actin (Calbiochem), mouse anti-smMHC (Sigma), rabbit anti-phospho-Ser9 GSK-3␤, rabbit anti-GSK-3␤, rabbit anti-phospho-p70 S6 kinase, rabbit anti-p70 S6 kinase, rabbit anti-phospho-ribosomal protein S6, rabbit anti-ribosomal protein S6 (each from Cell Signaling, Danvers, MA), rabbit anti-phospho-Ser539 eIF2B⑀ (Biosource, Camarillo, CA), or anti-phosphotyrosine mouse monoclonal 4G10 (Millipore, Billerica, MA). Antibody binding was detected with a peroxidase-conjugated anti-rabbit or anti-mouse IgG and chemiluminescence. Pixel densitometry was performed using NIH Image.
Fluorescence microscopy. Cells were grown on collagen-coated glass slides (BD Biosciences) and fixed in 1% paraformaldehyde. To stain filamentous actin, slides were incubated with Alexa Fluor 488-conjugated phalloidin (Molecular Probes, Eugene, OR). For immunocytochemistry, slides were probed with Cy3-conjugated mouse anti-␣-smooth muscle actin-Cy3 (Sigma) followed by Alexa Fluor 594-labeled goat anti-mouse IgG (Molecular Probes) or phospho-GSK-3␤ antibody followed by Alexa Fluor 488-labeled goat anti-rabbit IgG (Molecular Probes).
Retroviral transduction of A7R5 cells. DNA encoding a nonphosphorylatable GSK-3␤ (GSK-3␤-A9), with Ser9 replaced by alanine, was provided by Dr. Anne Vojtek (Univ. of Michigan). Expression of GSK-3␤-A9 acts as a "dominant-negative," decreasing the binding of upstream kinases and scaffolding proteins to native GSK-3␤. This leads to a relative reduction of phosphorylated, inactive GSK-3␤ and an increase in GSK-3␤ activity. GSK-3␤-A9 cDNA was subcloned into the pMSCVpuro retroviral vector (BD Biosciences). The Phoenix-GP retrovirus packaging cell line, a 293-cell derivative line that expresses only the gag-pol viral components (provided by G. Nolan, Stanford University), was transiently transfected with pHCMV-G, which contains the vesicular stomatitis virus envelope glycoprotein, and either pMSCVpuro-AA-GSK-3␤-A9 or pMSCV alone. Viral supernatant was collected, filtered, and supplemented with Polybrene (8 g/ml). A7R5 cells were infected with viral supernatant (4 times for 4 h each). Infected cells were selected with puromycin (2 g/ml). After selection, cells were grown to confluence, split into six-well plates, and incubated in the absence or presence of BMP-4, TGF-␤, 5-HT, ET-1, LiCl, or SB-216763.
Reporter assay. A7R5 cells were used for these experiments because of their superior transfection efficiency. Cells were transiently transfected with 200 ng of SRF-luc (from J. Solway, Univ. of Chicago). Three nanograms of the SV40 Renilla luciferase vector was used as a transfection control. Cells were transfected using Lipofectamine 2000 (Invitrogen). The following day, cells were serum-deprived for 2 h and treated with BMP-4, TGF-␤1, 5-HT, or ET-1 for 48 h. Cells were subsequently lysed, and luciferase activity was measured using the Promega luciferase assay system (Madison, WI). Quantitative PCR of ␣-actin mRNA. Human pulmonary artery smooth muscle cells were treated with BMP-4, TGF-␤1, 5-HT, ET-1, LiCl, or SB-216763, processed for mRNA, and first-strand cDNA synthesized as described (10) . qPCR was conducted using SYBR Green 1 fluorescence (human ␣-actin forward primer, 5=-GAC CCT GAA GTA CCC GAT AGA AC-3=; reverse primer 5=-GGG CAA CAC GAA GCT CAT TG-3=). GAPDH mRNA was used as an internal control (forward primer, 5= CTT CAC CAC CAT GGA GAA GGC 3=; reverse primer, 5= GGC ATG GAC TGT GGT CAT GAG 3=). Samples were run in triplicate, and the cycle threshold (C T) was determined. Relative gene expression was calculated as previously described (10) .
Transfection of siRNA against p70S6K and ribosomal protein S6. 21-bp duplexes of either p70S6K or ribosomal protein S6 siRNA (both from Dharmacon, Lafayette, CO) were transfected into subconfluent human pulmonary artery smooth muscle cells using RNAiMAX in OptiMEM (Invitrogen). For p70S6K, a pool of double-stranded siRNAs containing equal parts of the following antisense sequences was used: 1, 1, 5=-CAAGGUCAUGUGAAACUAA-3=; 2, 5=-GAGAGUCAAUGUCAUUACA-3=; 3, 5=-CUCGCGACAUCU-UUCUCAA-3=; 4, 5=-PCAAAGAUCAACUCUGGUGCUU-3=. For ribosomal protein S6 siRNA, a pool of double-stranded siRNAs containing equal parts of the following antisense sequences was used: 1, 5=-GAAGCAGCGUACCAAGAAA-3=; 2, 5=-CUGCGAGCUUC-UACUUCUA-3=; 3, 5=-GUCUGAAUCCAGUCAGAAA-3=. The corresponding nontargeting siRNA sequence was 5=-CGAACUCACUGGUCUGACCdtdt-3= (sense), 5=-GGUCAGACCAGUGAGUUCGdtdt-3= (antisense). Six hours later, DMEM and FBS were added. The next morning, cells were incubated in fresh DMEM containing 10% FBS for 24 h. Finally, cells were treated with the relevant stimulus in serum-free medium for 2 days before harvest.
RESULTS

BMP-4, TGF-␤1, 5-HT, ET-1, and GSK-3␤ inhibitors in-
crease pulmonary artery smooth muscle cell size and protein synthesis. We first characterized the effects of BMP-4, TGF-␤1, 5-HT, and ET-1 on cell size, protein synthesis, and DNA synthesis. We also examined the effects of EGF, a potent mitogen for pulmonary artery smooth muscle cells (40), which we would not expect to cause cellular hypertrophy. We found that cell size was increased by treatment with BMP-4, TGF-␤1, 5-HT, and ET-1, as indicated by the rightward shift of the forward scatter compared with the control (Fig. 1A) . In contrast, EGF treatment did not alter the size of cells in G 0 /G 1 phase. BMP-4, TGF-␤1, 5-HT, and ET-1 also potently stimulated protein synthesis (Fig. 1B) . No effect on DNA synthesis except for ET-1 was found in these cells (Fig. 1C) , indicating that besides stimulating cell enlargement, ET-1 also promotes cell proliferation. We also examined the effect of GSK-3␤ inhibition on cell size and protein synthesis using two GSK-3␤ inhibitors, LiCl and SB-216763. LiCl and SB-216763 each caused an enlargement of cell size relative to control (Fig. 1A) and an increase in protein synthesis (Fig. 1B) but not DNA synthesis (Fig. 1C) .
BMP-4, TGF-␤, 5-HT, and ET-1 increase contractile protein expression. Expression of contractile proteins was measured by immunoblot. BMP-4, TGF-␤1, 5-HT, and ET-1 all increased smooth muscle ␣-actin and MHC protein expression
without affecting that of ␤-actin ( Fig. 2A) . GSK-3␤ inhibitors LiCl and SB-216763 also increased ␣-actin and MHC expression (Fig. 2B) . On the other hand, the growth factor EGF decreased the amount of ␣-actin relative to ␤-actin while increasing tyrosine phosphorylation of a protein the size of the EGF receptor (Fig. 2C) . Immunocytochemical stains showed increased ␣-smooth muscle actin content in cells treated with agents causing hypertrophy (Fig. 2D) .
BMP-4, TGF-␤, 5-HT, and ET-1 each increase cell shortening in response to
KCl. To determine whether the hypertrophic effect induced by BMP-4, TGF-␤1, 5-HT, and ET-1 was accompanied by an increase in contractility, we compared the shortening response to KCl in cells with or without treatment with BMP-4, TGF-␤1, 5-HT, and ET-1. Treatment of cells with BMP-4, TGF-␤1, 5-HT, and ET-1 each significantly increased resting length and fractional change in length compared with PBS (Fig. 3) .
Effects of BMP-4, TGF-␤1, 5-HT, ET-1, and GSK-3␤ inhibitors on GSK-3␤ phosphorylation.
To gain insight into the mechanisms by which BMP-4, TGF-␤1, 5-HT, and ET-1 increase cell size and protein synthesis, we examined the ability of these compounds to induce phosphorylation of GSK-3␤, a kinase that negatively regulates cell hypertrophy. Immunoblot analysis showed increased phosphorylation of GSK-3␤ following treatment with BMP-4, TGF-␤1, 5-HT, ET-1, and LiCl (Fig. 4A) . As expected, SB-21673, a permeable, structurally distinct maleimide that inhibits GSK-3 activity (8), did not induce phosphorylation.
Phosphorylation of GSK-3␤ is required for BMP-4, TGF-␤1, 5-HT, and ET-1-induced hypertrophy.
To determine the requirement of GSK-3␤ phosphorylation for BMP-4, TGF-␤1, 5-HT, and ET-1-induced cell enlargement, we expressed GSK-3␤-A9, a GSK-3␤ mutant that cannot be phosphorylated at Ser9, in A7R5 cells via retroviral gene transfer, and determined its effect on cell size. In cells infected with empty MSCV vector, BMP-4, TGF-␤1, 5-HT, ET-1, and LiCl but not SB-216763 increased GSK-3␤ phosphorylation (Fig. 4B) . As expected, in cells infected with GSK-3␤-A9, phosphorylation of GSK-3␤ was attenuated. BMP-4, TGF-␤1, 5-HT, ET-1, and the GSK-3␤ inhibitors each caused an increase in the forward scatter of cells infected with empty vector, which was blocked by GSK-3␤-A9 overexpression (Fig. 4C) . These data provide evidence that phosphorylation of GSK-3␤ is required for BMP-4-, TGF-␤1-, 5-HT-, and ET-1-induced cell enlargement.
Mechanism of GSK-3␤-mediated cellular hypertrophy. To explore whether the GSK-3␤ translational pathway mediates the hypertrophic effect, we measured the expression of phospho-eIF2B, the downstream phosphorylation target of GSK-3␤ that recruits methionyl tRNA to the 40S ribosomal subunit. We found that BMP-4, TGF-␤1, 5-HT, and ET-1 did not affect eIF2B phosphorylation, whereas LiCl and SB-21673 caused a striking reduction in phosphorylation (Fig. 5A ). These data indicate that BMP-4, TGF-␤1, 5-HT, and ET-1 induce cell hypertrophy by a mechanism other than GSK-3␤/eIF2-mediated translational control.
To determine whether BMP-4, TGF-␤1, 5-HT, and ET-1 regulate contractile protein gene expression in a transcriptional rather than a translational manner, we examined the effects of these soluble mediators on the transcriptional activity of SRF, a regulator of smooth muscle-specific gene expression (28, 41) . We have previously shown that inhibition of GSK-3␤ induces transactivation of SRF in cultured human airway smooth muscle cells (10) . In the current study, we found that BMP-4, TGF-␤1, 5-HT, ET-1, and the GSK-3␤ inhibitors each increased the reporter activity of SRF (Fig. 5B) , suggesting that the requirement of GSK-3␤ phosphorylation for cellular hypertrophy relates to its role in the transcription of genes encoding smooth muscle contractile proteins, rather than accelerated formation of the 43S preinitiation complex. This is further supported by significant increases in ␣-actin mRNA relative to GAPDH (Fig. 5C) .
Activation of the p70S6 kinase pathway is required for BMP-4-, TGF-␤1-, 5-HT-, and ET-1-induced hypertrophy.
Since GSK-3␤-mediated hypertrophy does not involve translational control, we investigated the contribution of p70S6K signaling to BMP-4-, TGF-␤1-, 5-HT-, and ET-1-mediated cell hypertrophy. BMP-4, TGF-␤1, 5-HT, and ET-1 each increased the phosphorylation of p70S6K and its downstream substrate, ribosomal S6 (Fig. 6A) , indicating an increase in p70S6K activity.
To determine the requirement of p70S6K for cell hypertrophy and contractile protein expression, we used specific siRNAs against p70S6K and S6. As anticipated, the specific siRNAs decreased total p70S6K and S6 protein expression (Fig. 6B) . siRNA against p70S6K blocked the increases in cell size caused by BMP-4, TGF-␤1, 5-HT, or ET-1 treatment (Fig. 7A) . Cell enlargement was also blocked by ribosomal protein S6 siRNA (Fig. 7B) . These data suggest that p70S6K signaling is required for mediator-induced cell enlargement.
We also examined the requirements of p70S6K and ribosomal S6 for BMP-4, TGF-␤1, 5-HT, and ET-1-induced ␣-actin expression. siRNAs against p70S6K and S6 blocked the increases in contractile protein expression caused by BMP-4, 5-HT, and ET-1, but not TGF-␤1 (Fig. 7C) .
DISCUSSION
BMPs, TGF-␤1, 5-HT, and ET-1 have each been implicated in the pathogenesis of PAH. Subsets of patients with familial and sporadic PAH may harbor related mutations or polymorphisms, most notably in BMP receptor (BMPR)-2 (26, 46) , the TGF-␤ type 1 receptor, ALK1 (47) , and the 5-HT transporter (12, 30) . Genetic ablation of the BMPR2 gene in pulmonary endothelium is sufficient to predispose to PAH in mice (23). B: effect of BMP-4, TGF-␤1, 5-HT, ET-1, LiCl, and SB-216763 on serum response factor (SRF) reporter activity. A7R5 cells were transiently transfected with SV40 Renilla luciferase vector and SRF-luc. Forty-eight hours after treatment, cells were lysed and luciferase activity determined. Each stimulus increased SRF activity (n ϭ 8, means Ϯ SE; *different from control cells, P Ͻ 0.05, ANOVA). C: effect of BMP-4, TGF-␤1, 5-HT, ET-1, LiCl, and SB-216763 on ␣-actin mRNA in human pulmonary artery cells. Cells were treated for 4 days and processed for qPCR analysis of ␣-actin mRNA levels relative to GAPDH mRNA. Each stimulus increased ␣-actin mRNA (n ϭ 3, means Ϯ SE, *different from control cells, P Ͻ 0.05, ANOVA).
Patients with primary pulmonary hypertension show increased expression of TGF-␤ isoforms in the media and neointima of hypertensive muscular arteries (4), and TGF-␤-dependent signaling is required for monocrotaline-induced pulmonary hypertension in rats (53) . Mice expressing a dominant negative mutation of the TGF-␤ type II receptor fail to undergo hypoxia-induced pulmonary arterial hypertrophy (7). TGF-␤/ activin-like kinase 5 mediates abnormal proliferation of vascular smooth muscle cells from patients with familial pulmonary arterial hypertension and is involved in the progression of experimental pulmonary arterial hypertension induced by monocrotaline (45) . The expression of 5-HT transporter is elevated in the lung tissues and pulmonary arteries of patients with PAH (12) . Treatment with 5-HT potentiates the development of pulmonary hypertension in chronically hypoxic rats (13) . ET-1 is increased in the lungs of patients with PAH (5) .
Given the potential importance of BMPs, TGF-␤, 5-HT, and ET-1 in the pathogenesis of PAH, and the fundamental significance of pulmonary artery thickening in this disease, we examined the effects of these mediators on human pulmonary artery smooth muscle cell size, protein and DNA synthesis, contractile protein expression, and fractional cell shortening. We show for the first time that BMP-4, TGF-␤1, and ET-1 induce human pulmonary artery smooth muscle hypertrophy. Each mediator increased cell size, contractile protein expression, and fractional cell shortening. In contrast, only ET-1 increased DNA synthesis. On this basis, we speculate that pulmonary artery smooth muscle hypertrophy, as well as hyperplasia, may contribute to medial thickening in PAH. Increased medial thickening is likely to play an important physiological role in PAH, especially at an early stage before the obliterative arteriopathy characteristic of late state disease.
GSK-3␤ is a serine/threonine kinase that is constitutively active in unstimulated cells and becomes inactivated upon phosphorylation at Ser9 (9) . Phosphorylation of GSK-3␤ by the serine-threonine kinase Akt inactivates it, leading to acti- vation of eIF-2, which functions to recruit methionyl tRNA and conduct it as a tRNA-eIF2-GTP ternary complex to the 40S ribosomal subunit, leading to a general enhancement of translation initiation (50) . GSK-3␤ also negatively regulates transcription factors involved in muscle-specific gene expression, including NFAT, GATA4, and ␤-catenin (1, 2, 19, 20, 33, 48) . We have shown that inhibition of GSK-3␤ induces transactivation of SRF in cultured human airway smooth muscle cells (10) . In the present study, BMP-4, TGF-␤1, 5-HT, and ET-1 each increased the phosphorylation of GSK-3␤. Two chemical GSK-3␤ inhibitors, LiCl and SB-216753, increased cell size, protein synthesis, and contractile protein expression. Overexpression of GSK-3␤-A9, which cannot be phosphorylated or inactivated, blocked BMP-4-, TGF-␤1-, 5-HT-, and ET-1- Fig. 7 . Activation of the p70S6K pathway is required for cell hypertrophy. Pulmonary artery smooth muscle cells were transfected with either nontargeting siRNA, specific siRNA against p70S6K (A), or siRNA against S6 (B), and treated with BMP-4, TGF-␤1, 5-HT, or ET-1. Cell size was measured by flow cytometry. C: representative immunoblots for ␣-actin and ␤-actin from cells transfected with either nontargeting siRNA, p70S6K siRNA, or S6 siRNA. D: group mean data for p70S6K siRNA experiments (n ϭ 3, Ϯ SE, *different from nontargeting siRNA, P Ͻ 0.05, ANOVA). E: group mean data for S6 siRNA experiments (n ϭ 3, Ϯ SE, *different from nontargeting siRNA, P Ͻ 0.05, ANOVA).
induced cell enlargement. Together, these data suggest that inhibition of GSK-3␤ is required and sufficient for human pulmonary artery smooth muscle cell hypertrophy.
To explore the mechanism by which GSK-3␤ mediates cellular hypertrophy, we measured the phosphorylation of eIF2B. We found that, while LiCl and SB-216763 decreased the phosphorylation of eIF2B, BMP-4, TGF-␤1, 5-HT, and ET-1 had no effect, suggesting that the hypertrophic effect of these factors was translation independent. This result is different from the situation in airway smooth muscle (10) . We next investigated whether these mediators activate a transcriptional control pathway. We measured the reporter activity of SRF, a regulator of a large subset of smooth muscle-specific genes (28, 41) . We found that inhibition of GSK-3␤ increased SRF transactivation, supporting the notion that transcription of genes encoding contractile proteins accounts for the hypertrophic effect of BMP-4, TGF-␤1, 5-HT, and ET-1.
Since GSK-3␤-mediated hypertrophy does not involve translational control, we investigated the contribution of another translational control intermediate, p70S6K, to BMP-4-, TGF-␤1-, 5-HT-, and ET-1-mediated cell hypertrophy. p70S6K is a mitogen and amino acid-sensitive serine-threonine kinase that ubiquitously regulates cell size. p70S6K is phosphorylated and activated by mTOR (14) . p70S6K, in turn, phosphorylates the 40S ribosomal protein S6. The precise mechanism by which p70S6K controls translation is unclear. In addition to ribosomal protein S6, eukaryotic elongation factor-2 kinase is a phosphorylation target of p70S6K (49) . In addition, p70S6K also mediates assembly of eukaryotic initiation factor-3 translation preinitiation complex (22) . Rapamycin, an inhibitor of mTOR, blocks angiotensin II-induced aortic smooth muscle hypertrophy (15, 51) . However, inhibition by rapamycin does not necessarily implicate p70S6K, since rapamycin also inhibits mTOR-mediated phosphorylation of eIF4E. In aortic smooth muscle, chemical inhibitors of p70S6K (tosylphenylalanine chloromethyl ketone and tosyllysine chloromethyl ketone) had no effect on angiotensin II-induced protein synthesis (51) . In the present study, we found that BMP-4, TGF-␤, 5-HT, and ET-1 each increased the phosphorylation of p70S6K and ribosomal protein S6 in pulmonary artery smooth muscle cells. We also found that transfection with specific siRNAs against p70S6K and S6 each blocked the cell enlargement induced by BMP-4, TGF-␤, 5-HT, and ET-1, indicating that activation of p70S6K is required for the cell size enlargement induced by these factors. Furthermore, these data suggest that ribosomal protein S6 mediates the hypertrophic effect of p70S6K activation in this system. Interestingly, siRNAs against p70S6K and S6 also blocked contractile protein expression induced by BMP-4, 5-HT, and ET-1, but not TGF-␤1. Thus, TGF-␤1 must activate additional signaling pathways regulating contractile protein expression. For example, we have shown in human airway smooth muscle cells that TGF-␤ induces cell hypertrophy in part via activation of the 4E-BP/ eIF4E pathway (17) .
Finally, we should note that the precise ramifications of smooth muscle hypertrophy or hyperplasia on contraction have not been settled. While it stands to reason that increased muscle would result in increased shortening and a reduction in luminal diameter, this assumes that there is no change in smooth muscle function. However, in hypoxia-induced pulmonary hypertension, increased smooth muscle content is accompanied by an increase in connective tissue, leading to increased passive tissue stiffness and reduced active stress (18) . In the current study, hypertrophied vascular smooth muscle cells demonstrated a greater fractional shortening, but length at end-contraction was unchanged.
In conclusion, BMP-4, TGF-␤1, 5-HT, and ET-1 each induce human pulmonary artery smooth muscle hypertrophy, as evidenced by increases in cell size, protein synthesis, contractile protein expression, and fractional cell shortening. Hypertrophy is dependent on both phosphorylation and inhibition of GSK-3␤ and activation of p70S6K. Based on the potential contribution of vascular smooth muscle hypertrophy to pulmonary hypertension in the initial stages of the disease, identification of the signaling pathways regulating vascular smooth muscle hypertrophy may define new therapeutic targets for the early treatment of PAH.
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